H-bond plays key roles in the continuation of the life of all the living creatures and continues to attract attention as elementary concept. As a continuation to the pioneering inspiring efforts of Mori and Yanez, in this computational organic chemistry study, the effect of the interaction between each of MF n . ( SrF 2 , YF 3 , ZrF 4 , AgF, CdF 2 , BF 3 , AlF 3 , GaF 3 , InF 3 , SnF 4 , and SbF 5 ) and 2-dimethylaminobenzoic acid was studied using density functional theory (DFT). Fundamental characterization was performed for selected features; the structural parameters, the atomic charges, the infrared (IR) stretching frequencies, the nuclear magnetic resonance chemical shifts of hydrogen ( 1 H-NMR), the bond critical point electron densities, and the charge delocalization energies. Consistent with the previous results all the studied features provided solid evidences that the interaction with the Lewis acid boosts the hydrogen bond strength significantly. To best of our knowledge, the strongest possible neutral H-bond (N…H-O) and their their properties are reported to the first time in the literature.
INTRODUCTION
The H-bond is a dipole-dipole or an iondipole interaction while the original picture of Hbond definition may be visualized as X-H…Y where X and Y are nitrogen, oxygen, or fluorine, where X-H is hydrogen bond donor and Y is the H-bond acceptor [1] [2] [3] [4] [5] . In 2011 IUPAC suggested a broader perspective 6 . When a hydrogen atom bonds to an atom (X-H) that has higher electronegativity a partial positive charge builds up on the hydrogen atom which allows an attraction (H-bond) to occur with a neighboring atom(s) carrying a negative charge or a partial negative charge and carries electron pair(s). This may include C-H (and other bonds X-H) as H-bond donor as in Cl 3 C-H where the three chlorine atoms participate in increasing the polarization of the C-H bond 7 . Another unconventional case is the interaction of X-H with a π-system 8 . Also, the hydrogen atom in the H-bond donor (X-H) may be involved in two interactions (Y…H…Y) or two H-bond donors (X-H) may share the same acceptor ((X-H) 2 …Y). Both cases are commonly called bifurcated H-bond (two-forked Hbond) 9 .
This attraction force may exist inside the same molecule or among molecules. Studies gave evidences that it may exist in all types of compounds; organic as well as inorganic structures. Also, it varies; it may be weak, medium, or strong but never reaches the strength of a full covalent or ionic bond 10 . However, it can decrease the distance between atoms to less than what the atomic radii may allow. The interatomic distance (H…Y) varies depending on the strength of the H-bond; strong (1 .2-1.5Å; 14-40 kcal/mol), moderate (1.5-2.2Å; 4-14 kcal/mol), and weak (2.2-3.2Å; <4 kcal / mol) 11 .
H-bond is the reason behind many phenomena that plays vital roles in our life. The uniqueness of H 2 O comes basically from the fact that it can participate in larger number of H-bonds through the two hydrogen atoms and the two lone pairs on oxygen 12, 13 . Other examples on the importance of H-bond in our life are the amazing 3D-structures of DNA and the biological proteins; all are shaped based on H-bond recognition 14 . Their specific 3D-structures are responsible for the physiological roles and biochemical reactions that guarantee continuation of life. As with these macromolecules, the physical properties of many natural and artificial polymers are sensitive to the existence of these interactions among the chains. Valuable H-bonds are formed when amide group is part of polymer chain, as in nylons. Also, hydroxyl groups participate significantly in the physical appearance of cellulose polymers, as in wood and cotton.
A special case of H-bond is when a hydrogen atom is nearly centered between two identical atoms (X-H-X). May be the most interesting example on these cases is the FHF anion. The XHX structure is described as three-center four-electron interaction. The H-bond in FHF anion is classified as a strong H-bond. The other cases of strong Hbond are found mainly in charged segments (O-H…O (-) , N-H…N (-) , (+) O-H…O, (+) N-H…N) 1, 5 . Another special case of X-H…Y interaction is when the acceptor (Y) is a neighboring negatively charged hydrogen atom, which is commonly called dihydrogen bonding 15, 19 .
Regarding the title compound, X-ray crystallography and infrared analyses indicate that the structure of 2-dimethylaminobenzoic acid in the solid state exist as Zwitterion 20, 23 . On the other hand, gas phase infrared spectrum of the acid shows a strong signal in the 1700-1800 cm -1 region which indicates that the carboxylic acid group exists in the RCOOH neutral form 24 . A gas phase theoretical study produced similar results and revealed that the structure may exist as three conformers among them the most stable conformation is the case in which there is a stabilizing H-bond between the amine and the carboxylic acid groups (N…H-O). 25 Compared with a model reference structure, the calculations estimated the H-bond stabilization energy larger than 10 kcal/mol, which indicated that 2-dimethylaminobenzoic acid include within its structure the strongest neutral H-bond compared to the examples that are not resonance assisted Hbonds.
In the pioneering works of Mori 26 and Yáñez 27 based on B3LYP density functional theory calculations, they illustrated that Lewis acids can change the electronic structure parameters, including H-bond, noticeably 27 . Similarly, effect of strong Lewis acids on the electronic structure of 2-aminobenzoic acid was investigated using the same theory 28 . The calculations indicated that a Lewis acid may cause breaking of the H-O σ-bond and spontaneous transfer of the proton to the neighboring amine group to convert the structure into the Zwitterion form. Effect of Lewis acids on the electronic structure of organic skeletons that include H-bond within their structures needs further investigation for better understanding. In light of the pioneering works [26] [27] [28] and consequently, we examined effect of various Lewis acids on the electronic structure of 2-dimethylaminobenzoic acid (as a model of neutral H-bond) Fig. 1 . with a special focus on the relationship between the studied aspects and the H-bond. The following text is presented as the following: the computational methods section, the structural parameters section, the atomic charges section, the infrared (IR) and the nuclear magnetic resonance (NMR) spectroscopic data section, the Atoms-In-Molecules (AIM) bond critical point electron density section, the charge delocalization energy section, and the conclusion.
Computational Method:
The Gaussian 03 29 was used for all the calculations. The B3LYP/6-31G(d,p)-SDD protocol was employed as recommended earlier [30] [31] [32] for the geometry optimization and the frequency calculations. The B3LYP functional is composed of the Becke three parameter exchange functional 33 , the non-local correlation provided by Lee, Yang, and Parr (LYP) 34, 35 , and local correlation functional (III) developed by Vosko, Wilk, and Nusair (VWN) 36 . The 6-31G(d,p) basis set 37 was assigned for carbon, hydrogen, nitrogen, oxygen, and fluorine. On the other hand, the SDD basis set 38 along with its effective core potential (ECP) [39] [40] [41] was assigned for the Lewis acid centers; boron, aluminum, gallium, indium, silver, cadmium, tin, antimony, strontium, yttrium, and zirconium. All the calculated frequencies (for the structures in Fig. 1.) are positive values which confirm that each is a true minimum. Malonaldimine transition state shows one imaginary frequency that represents resonance motion of the transferring proton between the two nitrogen atoms. The Atoms-InMolecules program (AIM) 42, 44 was used as implemented in Gaussian03 to calculate the bond critical point electron densities (BCP). Similarly, the 6-311+G(2d,p) (C, H, N, O, and F) 45 and the SDD-ECP basis sets combination was used to analyze the natural bond orbitals (NBO) within the implemented NBO program 46 in which the charge delocalization energy is calculated using the second order perturbation theory. Also, the 6-311+G(2d,p)-SDD-ECP combination was employed to calculate the nuclear magnetic resonance (NMR) shielding tensors using the Gauge-Independent Atomic Orbital (GIAO) method 47 and the chemical shifts were calculated by considering the signal of tetramethylsilane as a reference.
RESULTS AND DISCUSSION
Structural Parameters: Tables 1, 2 , and 3 present selected structural parameters of 2-dimethy laminobenzoic acid (DMAB) and the Lewis acid adducts (Fig. 1) . The shorter O1-H1 and the longer N…H1 indicate that H1 is less attracted to the nitrogen atom and indicate that the H-bond is weaker. In case of DMAB, it appears that the interaction with Lewis acids affects mostly the carboxylic acid group and the Me 2 N…HOOC interaction. On the other hand, it appears that the effect of the Lewis acid does not extend to influence the structural parameters of the benzene ring noticeably; therefore, with the focus on the H-bond interaction, the data of the benzene ring are not presented in Tables 1, 2 , and 3.
The increase in the O1-H1 bond length, the decrease in the O1-C1bond length, and the increases in the C1-O2 bond length after the interaction of DMAB with any of the Lewis acids (data between parentheses) illustrate that all the Lewis acid are effective in dragging electron density through the O2=C1-O1 segment from the O1-H1 σ-bond and consequently weakens it and increases its length. Among the BF 3 , AlF 3 , GaF 3 , and InF 3 Lewis acids it appears that InF 3 is more effective than the others (Table 1 ). This is a complex effect of the size of the atomic orbitals, the population of the atomic orbitals, and the effective nuclear charge without the possibility of a simple straight forward analysis.
It appears that SbF 5 is the most influential among the five Lewis acids in Table 2 .The properties that antimony owns over indium are (1) the higher oxidation state and (2) the more effective nuclear charge. These two reasons make antimony more electron deficient and stronger electron withdrawing group. The O2-Sn bond length (Table  2) implies that bonding is not as efficient as in case of InF 3 and SbF 5 . Similar to group 3A Lewis acids, this may also be due to a complex interplay among the size of the atomic orbitals, population of the atomic orbitals, the oxidation state, and the effective nuclear charge. Compared to O2-M in general, the relatively larger O1…M intermolecular distance indicates that there is no significant interaction between O1 and M in the Lewis acids adducts in The arrangement of the cases in Table 1 and 2 is as the following:DMAB<AgF<CdF 2 < BF 3 < SnF 4 <GaF 3 <AlF 3 <InF 3 <SbF 5 .
On the other hand, in cases of SrF 2 and YF 3 (Fig. 2, Table 3 ) the O1-M and O2-M distances are close to each other and within the range that confirms bonding of the metal center to O2 as well as to O1. Another structural feature observed in the SrF 2 and YF 3 adducts that does not exist in the other derivatives is the presence of a stabilizing interaction between F atom and C-H of a methyl group (Fig. 2 , the intra-molecular F…H-C distances are: in SrF 2 adduct= 1.994 and in YF 3 adduct= 2.038 Å). Accompany these phenomena in the case of strontium derivative the longest H1-O1 bond and the shortest N…H1 distance, which implies that the N…H1-O1 H-bond is the strongest among all the cases. On the other hand, yttrium Lewis acid shows the strongest interaction with DMAB which is interpreted through breaking the H1-O1 σ-bond and causing spontaneous transfer of H1 to form a bond with the nitrogen atom. As a result, the structure of yttrium derivative can be described as a Zwitterion. These observations illustrate that strontium and yttrium push the electronic structure of DMAB to the frontier to generate the strongest possible H-bond and the Zwitterion structure. Therefore, the O1-H1 bond length and the N…H1 distance produces the following arrangement of the (N…H1-O1) H-bond strength: DMAB<AgF <ZrF 4 and CdF 2 <BF 3 <SnF 4 < GaF 3 <AlF 3 <InF 3 < SbF 5 <SrF 2 .
The natural population analysis atomic charges
The interaction between the electron deficient M (in MFn) with DMAB, for sure, will withdraw electron density and causes changes in the atomic charges of each atom in the skeleton. Shedding light on the values of the atomic charges can help in understanding the changes in the electron density distribution in general and the consequences of the Lewis acid (MFn) on the Hbond (as a sub-molecular event) specifically. Table  4 presents the natural population analysis charges of all the derivatives. The data show that the interaction of a Lewis acid with DMAB has only small effect on the charge of H1 even with the increase in the O1-H1 bond length. In general, the charge values of H1, O1, C1, and O2 do not show systematic change with the H-bond strength that is predicted based on the structural parameters (O1-H1 and N…H1 values) which indicates that the change may be a result of a complex effect of intramolecular parameters that are not straight forward to analyze.
On the other hand, it appears that the atomic charge of C2 is affected noticeably. Fig. 3 of group IIIA shows that the C2 charge changes smoothly with the change in the O1-H1 bond length and therefore with the N…H1-O1 H-bond strength (the predicted H-bond order DMAB< BF 3 < GaF 3 < AlF 3 <InF 3 ). On the other hand, the fifth period Lewis acids group shows random effects on the values of the C2 atomic charges. In general, the variations in the C2 atomic charges imply that the change may be also a result of a complex effect of intramolecular parameters. However, in general, adding the Lewis acid increases the value of the negative charge of C2. This is attributed to the increase in the electron withdrawing capability of the carboxylic acid group after bonding to the Lewis acid. Therefore, a negative charge accumulates on C2 to stabilize the electron deficiency of the carboxylic acid group. The smaller C2 charge value is found in the YF 3 adduct in which the carboxylic acid group is converted to the carboxylate group which is less deficient in electron density and therefore weaker as electron withdrawing group. Figure. 4 and 5 illustrate that the charge of the nitrogen atom decreases (versus O1-H1 bond length) due to the interaction between DMAB and the Lewis acid for both group 3A Lewis acids and the fifth period Lewis acids groups. Despite of the small change in the charge of nitrogen, this smooth decrease as the H-bond strength increase may allow picturing the electron density of the nitrogen lone pair extending in the intra-molecular space toward H1 and supports that the (N…H1-O1) H-bond is not a pure positive-negative interaction but involves a charge delocalization and may have a covalent character. Further support to this conclusion comes when the H1transfer spontaneously (without a transition state) and bonds to the nitrogen atom where the nitrogen electron density becomes the smallest (-0.49925) in case of YF 3 . Table 5 presents the O1-H1 stretching frequency of DMAB and the Lewis acids adducts. The values illustrate that bonding to the Lewis acid (as it increases the O1-H1 bond length) is accompanied by weakening the O1-H1 bond. For group 3A, the values illustrate that the O1-H1 bond strength show the following order: DMAB> BF 3 >G aF 3 >AlF 3 >InF 3 . It confirms that the N…H H-bond strength is larger in case of indium adduct. On the other hand, the order of the O1-H1 bond strength of the fifth period Lewis acids is: AgF> CdF 2 > ZrF 4 > SnF 4 > InF 3 > SbF 5 > SrF 2 . This sequence also confirms that SrF 2 is the most effective Lewis acid and the H-bond in its adduct is also the strongest among these cases. This classification is consistent with the order of the H-bond strength that is predicted based on the O1-H1 bond length and the N…H distance. The H-bond strength according to the infrared stretching frequencies is arranged as the following: DMAB< AgF< CdF 2 < ZrF 4 < BF 3 < SnF 4 < GaF 3 < AlF 3 < InF 3 < SbF 5 < SrF 2 .
The infrared (IR) stretching frequencies and the nuclear magnetic resonance chemical shifts (

H-NMR):
Protons that are involved in strong hydrogen bonding are known to be highly deshielded (15-17ppm) 48 . The chemical shifts in this study were calculated versus tetramethylsilane (TMS) using the B3LYP/6-311+G(2d,p)-SDD level of theory. Table 6 presents the values of H1. In general, bonding of the Lewis acid increases the chemical shift which illustrates that this decreases the net electron density around H1 nuclei. The change among the values in group 3A Lewis acids adducts is consistent with the change in the infrared implies that there is an interfering factor(s) (other than the N…H1 H-bond) causes the value to be slightly lower. It is assumed that the unexpected variation among the fifth period chemical shifts is due to a through-space shielding effect by the Lewis acid.
The AIM bond critical point electron densities (BCP):
The bond critical point electron density (BCP) of malonaldimine tautomer (Fig. 6) can be used to estimate the bond order of the N…H1 Hbond in the adducts, which allows understanding the nature of this interaction (electrostatic or covalent). Table 7 presents the BCP values of malonaldimine (BCP-T) and its transition state (BCP-TS) calculated using six protocols based on the B3LYP/6-31G(d,p) geometries. The results show that the three basis sets give the same bond order in each group (B3LYP or HF) and the two groups produce very similar results. Therefore, the B3LYP/ 3-21G and HF/3-21G protocols were adopted to calculate the BCP values of the Lewis acids adducts (Table 8) . Some BCP values could not be obtained due to unknown reasons. Therefore, the bond order values of these incomplete calculations were estimated as illustrated (Table 8) .
Previous study by Koch and Popelier illustrated that when there is electron density delocalization that exceeds 0.04 (a. u.) from the Hbond acceptor toward the H-bond donor then the H-bond starts to have a covalent character 49 . Both B3LYP and HF calculations show that all the (N…H1) H-bonds have covalent nature not just electrostatic interactions. Also, the BCP value increases after adding Lewis acid and the bond order values are in the 0.27-0.34 range (B3LYP/3-21G calculations). The highest BCP and bond order values of the N…H1 interaction are found in the derivative of SrF 2 . On the other hand, the values confirm that the strongest interaction between DMAB and Lewis acid is in case of YF 3 , which causes crossing the borderline from the case of the strongest H-bond (in SrF 2 derivative) to the spontaneous transfer of H1 to the nitrogen atom to generate the Zwitterion structure where it forms a strong covalent bond (bond order= 0.84).
The Charge Delocalization Energy
The data presented in Table 9 are the charge delocalization energies that are associated with a charge delocalization from nitrogen lone pair to empty (anti-bonding) orbital on H1. It is important to realize that these energy values are not bond energies but they are intra-molecular stabilization energies. Also, the increase in the value indicates that the (N…H-O1) H-bond is stronger. This applies to any other charge delocalization process.
The theory predicts the H-bond in the CdF 2 derivative stronger than that in BF 3 derivative which is opposite to what became known from the structural Table. parameters and the infrared stretching vibrations. The exact reason for this is unknown yet however it is possible to confirm qualitatively that the H-bond strength follows similar order: DMAB<AgF, BF 3 , CdF 2 < ZrF 4 < SnF 4 < GaF 3 < AlF 3 < InF 3 < SbF 5 < SrF 2 .
Determining the H-bond energy may be estimated from the model equilibrium that is presented in Fig.  7 . This model has one advantage over the model that was proposed previously 26 to estimate the Hbond strength of DMAB. The nitrogen atom in the new model (Fig. 7) has the same hybridization (sp 3   ) as the nitrogen atom in DMAB while it is sp 2 in the previous model (CH 2 =N-CH=CH-COOH), which in turn provides more accurate estimation of the Hbond. It was noticed that replacing the potassium ion with the sodium ion caused formation of the Zwitterion structure. The potassium ion provides advantage over the other Lewis acids by its simplicity and by being in the range of the atoms that can be covered in the B3LYP/6-311+G(2d,p) calculations (single point) of the model equilibrium. Table 7) . b: Similarly, estimated by multiplying the B3LYP value by (0.48/0.50).
Fig. 6. The structure of malonaldimine tautomer (T) and its transition state (TS)
This model (Fig. 7) allows calculating the energy difference (ΔE) that represents the estimated H-bond energy using the fully optimized structures, which eliminates any stabilizing or destabilizing intra-molecular interactions. In addition to that, it is possible to calculate the charge delocalization energy (CDE) that is associated with the (N…H1-O1) H-bond energy. We could calculate the two values for the potassium ion derivative (ΔE= 13.37 and CDE= 52.14 kcal/mol). The ratio (ΔE/CDE= 0.26) between the two values was used to estimate the H-bond energy for DMAB and the Lewis acid derivatives (Table 9 ) by multiplying this ratio by the CDE of each Lewis acid derivative of DMAB.
A further support to the estimated H-bond energies (HBE(2), Table 9 ) was obtained from malonaldimine molecular system in a slightly different approach. This compound can go through a proton transfer transition state to generate the second identical tautomer. The bond critical point electron density (BCP) was calculated for the tautomer (BCP-T= 0.300; B3LYP/3-21G) and the transition state (BCP-TS= 0.150; B3LYP/3-21G) and the values were used to calculate the bond order of the (N…H1) H-bond in the transition state (BO= 0.50). This indicates that the electron density of the nitrogen lone pair can extend in space toward the proton, which implies that the transferring proton is stabilized by significant charge delocalization from the two nitrogen atoms. The energy of this charge delocalization process is equal to170 kcal/mol (N→H), which covers all the CDE values of DMAB Lewis acid derivatives. The rough estimation (based on MP4(SDTQ)/6-31G(d,p)) for the two (N→H) energies of malonaldimine transition state is equal to 94.5 kcal/mol. This indicates that the 170 kcal/ mol of charge delocalization energy (CDE) would be equivalent to 47.3 kcal/mol (of one N→H interaction in the transition state). Therefore, the CDE of the SrF 2 Lewis acid derivative (106 kcal/ mol) is equivalent to 29.5 kcal/mol (H-bond energy). This value is close and supports the value that was obtained using Model-K(+) (Fig. 7) . The H-bond energy of the other derivatives were calculated similarly. The HBE(1) and HBE(2) data are in excellent agreement. To best of our knowledge, examining the previous works indicates that the Hbond within the structure of DMAB-SrF 2 derivative (27.6-29.5 kcal/mol) is the highest H-bond energy of neutral system in the literature.
CONCLUSION
In this study, the density functional theory was employed to understand possible effects of Lewis acids on organic structures, specifically, on various electronic structure aspects related to Hbond of 2-dimethylaminobenzoic acid (DMAB) interacting with various Lewis acids as model. We summarize the results in the following.
It appears that the interaction with Lewis acids affects mostly the carboxylic acid group and the Me 2 N…HOOC interaction. The effect of the Lewis acid does not extend to influence the structural parameters of the benzene ring. Contrary to the rest of the structures, the SrF 2 and YF 3 derivatives show that the O1-M and O2-M distances are close to each other and within the range that confirms bonding of the metal center to O2 as well as to O1. The atomic charge values illustrate that formation of adduct between a Lewis acid and a substrate may not be a simple process (in terms of electron density distribution) as may be expected. The atomic charges of H1, O1, C1, and O2 do not show a systematic change which implies that the net local electron density may be affected by many complex factors. Further from the interaction center (HOCO…MFn), more smooth and systematic change is observed, the electron density of the nitrogen atom decreases due to the interaction between DMAB and the Lewis acid and reaches the lowest value when it bonds to H1 as a result of Zwitterion formation in case of yttrium Lewis acid.
The infrared data of DMAB and the Lewis acids derivatives illustrate that bonding to the Lewis acid (as it increases the O1-H1 bond length) is accompanied by significant shift (decrease) in the O1-H1 stretching frequency (reaches 967 cm -1 less than the value of DMAB). The chemical shifts (calculated versus tetramethylsilane (TMS)) of H1 nuclei indicate that bonding of the Lewis acid increases the chemical shift (20.1 ppm of SrF 2 derivative) which illustrates that this decreases the net electron density around H1 nuclei.
Using the Atoms-In-Molecules theoretical protocol and malonaldimine as a model the bond order of the N…H1 interaction could be estimated. The results illustrate that the H-bond is not just electrostatic interaction but have a covalent character that may reach up to 34% (of SrF 2 derivative) of the N-H σ-bond in malonaldimine.
We proposed two approaches to estimate the H-bond energy based on charge delocalization energy. This allowed refining the H-bond strength of DMAB. The values indicate that the H-bond energy increases significantly upon interaction of DMAB with Lewis acid. The H-bond energy may reach up to 28-30 kcal/mol (of SrF 2 derivative) which is found the strongest possible neutral hydrogen bond in the literature.
The results illustrate that Lewis acids may push the electronic structure of an organic skeleton to the frontiers. The unprecedented result is that a neutral H-bond may maximize to reach up to onethird the energy and the bond order of covalent bond. Therefore, these examples are unique and novel addition to the theory of H-bonding. These findings are of fundamental importance in organic chemistry, inorganic chemistry, biochemistry, physical chemistry, and materials chemistry.
